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Abstract

Introduction: Non-Darcy flows into two categories: parallel flows (such as gravel dams,
gabions, etc.) and radial flows (such as flows near wells drilled in coarse-grained alluvial beds,
etc.) are divided. In the first category, streamlines are almost parallel so that there is no
curvature or contraction of streamlines in the plan view. This type of flow is found in both
pressurized and free-surface modes. Radial non-darcy flow analysis has many applications in
the fields of civil engineering, geology, oil, and gas. The equations governing the radial non-
darcy flow are solved using numerical methods of finite differences, finite elements and finite
volumes. Solving these equations requires boundary conditions and a lot of data and is almost
bulky, time consuming and costly. While, gradually varied flow theory, requires much less
data and is easier and less expensive. For this reason, in the present study, for the first time,
using experimental data recorded in a large-scale (almost real) device, the application of the
gradually varied flow theory in radial non-darcy flows with free surface has been investigated.
In other words, since the calculation of water surface profiles in a radial rockfill is of great
importance. In the present study, using large-scale (almost real) experimental data and the
gradually varied flow theory, the water surface profile in radial non-darcy flow with free
surface and in steady state has been investigated.

Methodology: In the present study, due to the compatibility of cylindrical coordinates and its
adaptation to the physics of problems related to radial flows, a device has been constructed in
the laboratory of Bu Ali Sina University in the form of a semi-cylinder with a diameter of 6
meters and a height of 3 meters. The dimensions of this device are made on a large scale and
the effects limitations have practically no effect on the testing process. To measure piezometric
pressure, piezometric grids have been used. The device has a volume of 14,000 liters and a
capacity of materials weighing approximately 40 tons. Four pumps are installed in parallel at
the top of the device to generate the required flow. Coarse-grained river materials with a
diameter between 2 to 10 cm, a porosity of 40%, a Cu of 2.13, and a Cc of 1.016 have been used.
To perform the tests, the model is first filled to a certain height (53, 60, 70, 85, 95, 110, 120, 140,
150, and 160 cm) by pumping operations. The flow rate created in these experiments is in the
range of 49.94 to 53.16 L/s.

Results and Discussion: One-dimensional analysis of steady-non-Darcy flow using gradually
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varied flow theory and two-dimensional analysis using Parkin equation solution. Most
research has been done in parallel flow rockfills. Also, solving the Parkin equation in both
parallel and radial flows requires a lot of data such as boundary conditions upstream and
downstream, as well as the boundary condition of the water surface profile, and the calculation
process is complex and time-consuming. The gradually varied flow theory requires much less
data than solving the Parkin equation, and the water surface profile obtained from it is also
used as the main boundary condition in solving the Parkin equation. In other words,
calculating the water surface profile in a radial rockfill is very important to studying the
movement of water. Also, the water surface profile is the main boundary condition in the two-
dimensional analysis of steady flow (solving the Parkin equation), and with it, upstream and
downstream boundary conditions will be practically available. For this reason, in the present
study, using large-scale (almost real) experimental data and the gradually varied flow theory,
the water surface profile in the case of radial non-darcy flow has been calculated. To calculate
the flow depth at different points (water surface profile) using the gradually varied flow
theory, the amount of flow depth at one point and the coefficients m and n must be available.
Since the flow depth measurement in the well (downstream of the desired interval) can be
measured, in the present study, the calculations started from the downstream (depth of flow
in the well).

Conclusion: If the gradually varied flow theory is used to calculate the water surface profile
in the case of radial non-darcy flow with a free surface, the mean relative error in the case of
pumped heights is 53, 60, 70, 85, 95, 110, 120, 140, 150 and 160 cm are equal to 1.56, 0.96, 0.61,
0.45,0.28,0.19, 0.13, 0.16, 0.11 and 0.05 are calculated, respectively. In other words, the average
mean relative error (MRE) of calculating the water surface profile for different heights of
pumped water is equal to 0.45%. Also, according to the obtained results, the greater the depth
of water pumped upstream, the higher accuracy of the gradually varied flow theory.

Keywords: Gradually Varied Flow Theory, One-Dimensional Analysis, Radial Non-Darcy
Flow, Steady Flow.
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Table 2 Computational and observational (experimental) water surface profile values

Radius depth (cm) Upstream water |

(m) 53 60 70 85 95
Discharge (L/s)
50.03 49.94 50.38 50.95 51.24
Observed Computed Observed Computed Observed Computed Observed Computed Observed Computed

0.25 0.415 0.415 0.535 0.535 0.655 0.655 0.813 0.813 0.934 0.934
0.5 0.476 0.461 0.563 0.568 0.675 0.678 0.831 0.834 0.944 0.945
0.75 0.491 0.479 0.575 0.581 0.683 0.687 0.839 0.843 0.947 0.949
105 0.494 0.492 0.584 0.591 0.689 0.694 0.845 0.849 0.949 0.952
14 0.494 0.500 0.591 0.598 0.693 0.698 0.849 0.854 0.951 0.954
18 0.507 0.507 0.596 0.603 0.697 0.702 0.853 0.858 0.953 0.956
2.25 0.516 0.513 0.601 0.608 0.700 0.705 0.856 0.861 0.954 0.958
2.75 0.522 0.517 0.605 0.611 0.702 0.708 0.859 0.864 0.955 0.959

MRE% 1.56 0.96 0.61 0.45 0.28

Continued (Table 2)

Radius depth (cm) Upstream water |

(m) 110 120 140 150 160
Discharge (L/s)
53.16 52.22 52.80 52.68 52.95
Observed  Computed Observed Computed Observed Computed Observed Computed Observed Computed

0.25 1.085 1.085 1.18 1.18 1.386 1.386 1.488 1.488 1.593 1.593
0.5 1.094 1.095 1.189 1.189 1.393 1.395 1.493 1.494 1.598 1.599
0.75 1.097 1.099 1.192 1.193 1.396 1.398 1.495 1.496 1.600 1.601
105 1.099 1.102 1.194 1.196 1.399 1.401 1.497 1.498 1.602 1.603
14 1.101 1.104 1.196 1.198 1.400 1.403 1.498 1.500 1.603 1.604
18 1.103 1.105 1.198 1.199 1.402 1.405 1.499 1.501 1.604 1.605
2.25 1.104 1.106 1.199 1.201 1.403 1.406 1.499 1.502 1.604 1.606
2.75 1.105 1.108 1.200 1.202 1.404 1.407 1.500 1.502 1.605 1.606

MRE% 0.19 0.13 0.16 0.11 0.05
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